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SUM’4ARY

An experimentalstudywasmadeof thechangesin thestress-rupture
life,ductility,hardness,andmicrostructureof S-816andInconel550
specimensthathadbeenexposedtovar~ngamountsandconditionsof
thermslfatigue.

TensilespecimensofS-816andInconel550werealternatelyheated
andcooledwhileconstrainedina mannerthatpreventedtheirfreeaxisl
expansionandcontraction.Beforefailuxeby thermalfatigueoccurred,
thethermalcyclingwasdiscontinuedsothattheeffectof thenumberof
cycleson thepropertiesofthematerialcouldbe measured.Thethermal
cyclingcovereda rangeofmaximumcycletemperature,temperaturedif-
ferencein cycling,andcyclicexposuretimeatthemaximumcycle
temperature.A fewspecimenswerefirstrunforshortperiodsof time
instress-ruptureandwerethenfailedby thermslfatigue.

Exposuretothermal-fatigueconditionsstrengthenedS-816in stress
ruptureandweakenedInconel550. Underthemostdamagingconditions
studied,Inconel550lost98percentof itsoriginslstress-rupturelife
asa resultofpriorthermslfatigue,eventhoughthenumberof cycles
wasonlyone-hslfof thatrequiredforfailureby thermalfatigueslone.
Thestress-rupturelifeof S-816wasincreasedby about50percent.
Whenspecimenswerefirstexposedto stress-ruptureconditionsandthen
runto failureinthermslfatigue,thethermal-fatiguelifeofS-816was
sharplyreduced,whereasthatofInconel550showeda slightincrease.
Theresultscaabe interpretedby extendingexistingtheoriesofmechsm-
icalfatigueandcreep-ruptureb thermalfatigue.

*Theinformationpresentedinthisreportwasofferedby Dr.F. J.
Claussas a thesisinpartialfulfillmentof therequirementsforthe
degreeofDoctorofPhilosophyinMetallurgicalEngineering,University
ofMichigan,AnnArbor,Michigan,June1957.ProfessorJamesW. Freeman
wascharimanofDr.Clauss’doctoralcommitteeandisalsoa consultant
totheLewisFlightPropulsionLaboratory.
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IN!lRODUCYITC)N
.

Inthefirstp=t ofthestudyofthethermsl-fatigueprocessin
ductilematerials,a studywasmadeoftheeffectofthemaximumcycle
temperature,thetemperaturedifferenceof cycling,thecyclictimeof
exposureatthemaximumcycletemperature,andthecyclicplasticstrain Ronthenuuiberof cyclestofracture(ref.1). Presumablyexposureto
thermal-fatigueconditionsmightweakena materialsothatitwouldfail 8

inservicefromotherloadingstresseslongbeforeitwouldfail- a
resultofthermal.fatiguealone.Ontheotherhand,thestrain-and/or
precipitation-hardeningthatoccurredduringconstrainedthermalcycling
mightstre~hena material.Thepurposeof_thisinvestigationwag,
therefore,to studythechangesinthestress-rupturelifeandductility
ofmaterie3sthathadbeenexposedtovaryingsmountsandconditionsof
thermslfatigue,wherethenuder of cycleswasinsufficientto cause
fractureby thermalfatiguealone.Besidesprovidingusefulengineering
data,suchinformationcanalsobe helpfulinunderstandinganddevelop-
inga theoryforthemechanismofthermalfatigue.

EQUIPMENTANDProcedure

Theeqtipmentandprocedurewereessentiallythesameasin refer-
ence1; thatis,tensilespecimensofS-816“~dInconel550werealter-
natelyheatedandcooledwhileconstrainedina msnnerthatprevented
theirfreeaxialexpansionandcontraction.However,insteadof contin-
uingtheheatingandcoolinguntilthespecimensfractured,thethermal
cyclingwasinterruptedatenemliertimeandthespecimenswerethen
removedfromthegrippingblockandexaminedmetallographicsllyortested
in stress-rupture.Inthesecases,theboltsconstrainingthespecimens
wereloosenedafterthedesirednumberof cycleswhilethetemperature
wasata minimumof 200°F. Thus,allofthesespecimenswereremoved
justsfterhavingbeensubjectedto a tensilestressatthesametem-
perature.Mostofthethermalcyclingwasdonewitha maximumtempera-
ture & of1350°F anda minimumtemperature~n of 200°l?>usi~
a cycleof30 secondsofheatingto ~=~ ~ secOndsat Tm=~ 3° ‘ec-
ondsof coolingto Tdn~ ~d 15 secondsat Ttin”In someteststhe
holdingtimeat Tm= wasincreasedto 60seconds.Inothertests,a

—

rangeof T- from1250°to1550°F wasstudied.
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In specimensremovedforstress-rupturetesting,thetestsections
weregroundto a depthof about0.002to0.004inchbelowtheoriglnsl
specimendismetertoremoveanybulgesandanysurfacedefectsthatmight
influencethestress-rupturestrength.Allofthesespecimenswereex-
s.minedby zygloafterbeingground,andinno caseswereanysurface
cracksdetected.ThreadswerealsoSoundontheendshouldersforhold-
ingthespecimensinthestress-rupturemachines.Stress-rupturetests
wereconductedprincipallyat13500F, althoughoneseriesof S-816spec-
imenswastestedat15W0 F. Thestresseswereselectedto causefailure
inroughly1~ hoursonvirginmaterial.Bothtimetoruptureandreduc-
tioninsreaatthefractureweredetermined.Figure1 showsstress-
rupturefailuresofvirginmaterisl.

Somespecimenswerethermsllycycledwithoutconstraintinorderto
observemy changesinpropertiesthatmightbe duetotemperaturecon-
ditionsalone.

Ao Specimensformetsllographicstudywerepreparedby carefullyma-
S chiningflatsurfacesthrougha centralplanealongthetensileaxes.
? Hardnesswasmeasuredwitha microhsrdnesstester,usinga Vickersdi-
$ smondpenetratoranda l-lcLlogrsmload.

+ A fewspecimenswerefirstrunforshortperiodsoftimein stress-
ruptureandwerethenfailedby thermalfatigue.Thesurfacesofthe
testsectionsof thesespecimenswerelightlypolishedbeforebeingrun
inthermalfatigueinordertoremovesnysurfacedefectsproducedduring
exposureto stress-ruptureconditions.

An attemptwasmadetoeliminatetheeffectsofbsr-to-bsrvaria-
tionsinpropertiesby runningslltestsin a singleseriesfromthesame
bsxofmateris2.W dataplottedin a s@jlegraphinthisreportrefer
toresultsfromthesamebarofmaterial,orfrombarsthatwereshownto
haveequivalentproperties.

IuHJIm3

EffectofNumberof CyclesofThermslFatigue

.

Theeffectofthenumberof cyclesof thermslfatigue1? onthe
subsequentstress-rupturelifeandductilityvariedmarkedlywiththe
alloy.ForS-816therewasaninitialincreaseintherupturelifeat
1.350°F(fig.2(a)).Thisis shownby thelivesofthethreespecimens
cycled500,1000,and1250times(approx.21,42,and53percentofthe
numberof cyclesthatwouldcausefailureby thermalfatiguesloneNf).
Beyond1250cycles,thedatascatteredwidely.Threespecimenshad
livesgreaterthantheaveragelifeofthevirginmaterial(1750,22002
and2300cycles),andtheothertwospecimenshadlivesslightlyless
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thantheaveragelifeof thevirginmaterial(1500and2000cycles).
EventhespecimenoflowestUfe (2000cycles),however,didnothavea
lifesignificantlybelowthatof thevirginmaterial.Fromthis,one 4
canconcludethattherewasno significsmtlossintherupturelifeof
S-816at1350°F duetopriorthermalfatiguefortheconditionsshown,

—

eventhoughcyclingwascontinuedto approximately98percentof Nf.
Figure2(b)showsthesamebehaviorintherupturelifeat1500°F asa
functionofthenumberofpriorcyclesofthermslfatigue.

ForInconel550,therupturelifedroppedas N wasincreased(fig.
2(C)).Thedropwasmostrapidatfirst,thensloweddownsothatthe %

$relationbetweenthestress-rupturelifeand N wasapproximatelylin-
ear. Thespecimenwiththegreatestnumberof cyclespriorto a stress-
rupturetesting(N= 9000cycles= 86.5percentof Nf)suffereda loss
of aboutone-thirdof thelifeof virginInconel550. Withtheexception
of thespecimenthathadbeenrun5000cycles,thedatashowedlittle
scatterfromthecurve.

TheductilityofS-816decreasedlinesrlywith N (figs.3(a)and
(b)). Afterabout98percentofthenumberof cyclesrequiredtofrac-
tureS-816by thermalcyclingslone,thereductioninareaof specimens
fracturedin stress-ruptureat1350°F haddroppedto aboutone-halfor
two-thirdsof thatforvirginmaterisl.Thereappearedtobe no change
intheductilityofInconel550duringthermalcycling(fig.3(c)).The
decreaseintheductilityof S-816wasaccompaniedbyanincreaseinhard-
ness,as showninfigure4(a),whereastherewasno changeintheharilmess
of Inconel550withthenumberof cycles(fig.4(b)).

ForbothS-816andInconel550,no changesduetotem~eraturecycling
intheabsenceof constraintswereobservedinthestress-rupturelifeof
ductilityat1350°F (figs.5 and6).

Themicrostructureof anS-816specimenthathadbeencycledin
thermslfatigueandthenfracturedin stress-ruptureat1350°F is shown
infigure7. Thisspecimenhadbeencycled1175timesbetween1350°and
200°F,whichisone-hslfofthenumberof cyclesforfailureby thermal
fatiguealoneundertheseconditions.Comparisonofthisstructurewith
thatof thespecimenof virginmaterialfracturedin stress-ruptureat
thesamestressendtemperature(fig.l(a))showsthattherewasconsid-
erableadditionalprecipitationduringthermslfatigueandthattheaains
werelesselongatedinthethermallycycledspecimenthaninthevirgin
materiel.

—

—

Thelossin strengthofInconel550duringcyclingappearsto cor-
relatewithitsmicrostructural-behavior.Thus,thermalcyclingthe
Inconelspecimensbetween1350°and200°F causedthegrainboundariesto
fraggnent,as showninfigures8(a)to (c).Figure8(a)showsa ~~n
boundaryrunningfromthejunctionofthreegrdns. me origimlbou~

—
.

.
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qpesxstobebrokenintosmallerse~nts thatareoffsetfromonean.
other.Theaxisof thespecimenwasapproximately= indicated,andthis
specimenwasremvedafteronly1000cycles,or about one-tenthof its
eqectedlife.Figure8(b)showsthesameareaasfigure8(a),butat
a lowermagnification.Figure8(c)isanotherexampleof grain-boundary
fragmentation.Thisspecimenwasremovedafter7000cycles,or seven-
teenthsof itsexpectedlife. Notetheextremeamountby whichthegrain
_bouudsry was displaced near the bottim ofthephotomicrograph.

g
co
d+

Anexsmpleofdeformationbytwinningisshowninfigure8(d). The
twinlinesrunat a slightangletotheaxisofthespecimen,andwhat
appesrtobe smallcracksareseenattheendsofthosetwinlinesthat
aremorenearlyperpendiculartotheaxis.Thisspecimenwasremoved
after2000cycles(approx.two-tenthsof lff).Severalotherexamples
of deformationwithinthegrainsareshowninfigures8(e)and(f). The
specimenisthessmefortheselasttwofiguresandwasremovedafter
7000cycles(seven-tenthsof Nf).

Microstructuraldamage(e.g.,a crack)startsinInconel550after
fewercyclesthaninS-816,butitapparentlypropagatesmoreslowlyin

s Inconel550. As a result,Inconel.550enduresmorecyclesofthermal
fatigueundertheseconditionsthandoesS-816.

*

EffectofTimeatMaximumCycleTemperature

Theeffectoftimeata T&W of1350°F wasstudiedby increasing
thetimeat ~= fromM to 60seconds.Fromtheresultsdescribedin
reference1, thisincreaseata ~= of1350°F hadlittleeffecton
Nf forS-816(fig.17(b),ref.1),butcausedNf forInconel550to
decreasefrom10,500to 7,400cycles(fig.17(a),ref.1).

Aswiththeshortercycle,therupturelifeof S-816increasedi?ith
thenuniberof cycles(atleastup to N= 1/2Nf),andthatofInconel
550decreased(fig.9). Althoughthecurveisnotwelldefinedbecause
of scatter,thedropinthelifeof Inconel550appearstobe morerapid
thanon theshortercycle,andfailurewasreachedinfewercycles.The
ductilityofInconel550remainedconstantas N increased;S-816also
retainedthesmneductilityup to1000cycles(fig.10),whereasthere
wasa lossinductilitywith N ontheshortercycle(fig.3(a)).

.
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EffectofMaximumCycleTemperature

Theeffectof ~ wasstudiedby remotingspecimensforrupture
testingafterone-halfofthenumberof cyclesthatwmd.dcausefailure
by tliermdfatigueslone.Theeffectof ~= onthesubsequentprop-
ertiesdifferedconsiderablybetweenthetwoalloys.

Thestress-rupturelifeof S-816afterthermalfatiguewasabout50
percentgreatertk thatof thetirginmaterisJregardlessof ~=
(fortherangeof ~ from1250°to1550°F),providedthatcycling,
wasstoppedat1/2Nf (fig.n-(a)).Thestress-rupturellfeof a single
specimenof S-816cycledwithoutconstraintbetweenthehighest~
(1550°F) anda ~n of 200°F (solidtriangle,fig.n(a))wasalso
slightlygreaterthanthatof virginmaterial,althoughtheincreasehere
waslessthanthatforconstrainedcyclingandcouldbe dueto scatter.
Inconel550,ontheotherhand,suffereda drasticlossin strengthas
T wasincreased(fig.ll(b))~ata ~= of1550°F about98percent
o!??tsoriginalstress-rupturelifewaslost.Thislosswasnotdue to
temperatureslone,as shownby thesinglespecimencycledwithoutcon-
straintbetweena Tm= of1550°F anda ~n of 2C0°F (solidtri-
angle, fig. n(b)),andthelossof strengthmust,therefore,havebeen
dueto thecombinedeffectsof thecyclicstresses(orstrains)andtem-
peratures.As showninfigure12,theductilityof S-816cycledunder
constraintdidnotvaryconsistentlywith ~=~ buttheindividualvslues
scatteredabouttheductilityof thevirginmateriel.Theductilityof
Inconel550cycledunderconstraintremainedconstant,regardlessof
cyclingoverthersngeof T- studied.However,.withoutconstraint,
temperaturecyclingatthehigh ~ of1550°.Fresultedina slightin-
creaseintheductilityofbothmaterials.

Specimensofthetwoalloysthathadbeencycledbothwithandwith-
outconstraintbetween1550°and200°F forone-hslfthenuniberof cycles
forfailureby thermalfatiguealoneandthenfracturedin stress-rupture
areshowninfigures13 and14. ForS-816,cyclingunderconstraint
causeda markedincreaseinfineprecipitationalongslipplanesandan
increasein thestress-rupturelife;therewasalsolessgrainelongation
thaninthevirginmaterial(fig.X5(a)).Whentheconstraintwasabsent,
however,thermalcyclingcausedlittlechangeinthesubsequentmi.cro-
structuralbehavior(comparefigs.13(b)andl(a)).

ForInconel550,cyclingunderconstraintbetweenthesametempera-
turelimitsintroducedconsiderablevoidformation,bothwithinthegrains
andalongthegain boundaries,asis shownin figure14(a).Again,fail-
urewaspredominantlythroughthegrainboundaries,asinthevirgin
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material(fig.l(b)),butthestress-rupturelifewasmarkedlyreduced.h
Ontheotherhand,thermalcyclingwithoutconstraintproducedlittleor
no changeinthestructuresndlife(comparefigs.14(b)andl(b)).

SpecimensRuninStress-Ruptwe,ThenFailedbyThermalFatigue

Onlya singlegroupof specimenswasfirstrunin stress-rupture
andthenfailedby thermalfatigue.Thestress-ruptureconditionswere
a temperatureof 1350°F anda stressthatwouldcausethevirginmate-
rialtofailinroughly1(X)hours.Specimenswereremovedfromthe
stress-rupturetestaftervariousperiodsoftimelessthanthatfor
failure,andtheywerethencycledto failurein thermalfatigueat
1350°and200°F. Theresultsfortheseconditionsareplottedinfig-
ure15. ForS-816,Nf decreasedasthepriortimein stress-rupturein-
creased(fig.15(a)),andforInconel550,Nf appearedto increase
slightlywiththepriortimeinstress-rupture(fig.15(b)).

s DISCUSSION

Thestudyoftheeffectofvariationsinthetemperaturecycleon. thethermal-fatiguelifeof S-816andInconel550demonstratedthatthe
temperaturelevelofthermalcyclingexertsanimportautinfluenceon the
thermal-fatiguelifeof ductilealloys(ref.1). Forthematerialsand
testconditionscovered,themaximumcycletemperaturehadmoreeffect
thanthetemperaturedifferenceon thenumberof cyclesto failure.In-
creasingthetimeof ex@sureat ~= duringcyclingeitherincreased
ordecreasedthenumberof cyclestofailure,dependingupon ~. Thus
anincreaseintimeatlow T- reducedthethemsl-fatiguelife,where-
asthessmeincreaseintimeathigh ~= increasedthethermal-fatigue
llfe. No directcorrelationexistedbetweenwe nmiberof cyclesto
failureandthesmountofplasticstrainperhslfcycle.

Longbeforea specimenfailsinthermslfatigueslone,itsmechanical
propertiescanbe significantlyaltered..~ thepresentstudythestress-
rupturestrengthofS-816wasincreasedby priorthermalfatigue,tiereas
thatof Inconel550wasreduced.Theincreaseinthestress-rupturelife
ofS-816wasusuallyaccompaniedby a lossof ductility.Exposureto
stress-mptureconditionsdecreasedthesubsequentthermal-fatiguelife
of S-816andappearedto increasethatof Inconel550slightly.

Theappendixsummarizespertinentpints of existingtheoriesof
mechanicalfatigueandcreep-ruptureforthethermsl-fatigueprocess.In

. applyingthesetheoriestothermslfatigue,thefatiguepro~essis assumed
tobe dividedintotwostages.Thetwostagesare(1)a stageof strain-
and/orprecipitation-hardeningand(2)a stageof destructionof cohesive
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bondsanddevelopmentandpropagationof cracks.Eachof
canproceedatvaryingrates,dependinguponthematerial
conditions.Thetheoryisdiscussedfirstforfixedtest

NACATN4165

thesestages
=d thetest.
conditions;

inthepresentwork,theconditionsof cyclingstudiedmostthoro~y
werea Tm= and %= of1350°and200°F~respectively,in a 30-15-
30-15-secondcycle.

Duringthefirststage,thestrainsare.absorbedby thematerisl
withoutcracking,andthestrengthandhardnessincreasewhiletheduc-
tilitydecreases.ThiswastrueforS-816undertheconditionsstated.
Thus,fora largenumberof cycles,S-816becameharder,strongerin
stress-rupture,andlowerinductility.

ThesecondstageoffatigueisapparentlyreachedinS-816onlywhen
thenuuiberof cyclesisnearthatrequiredforfailureby thermslfatigue
slone,andthenispassedthroughrelativelyquickly,asetidencedby the
sharpdropinthestress-rupturelifewhenthenumberof cyclesisnesr
thatforfailureby thermslfatigueslone.Ontheotherhand,thesecond
stagecanbe reachedveryearlyinthefatigueprocess,asisapparently
thecaseforInconel550. Thus,Inconel550,whichisinitiallyhsrder
smdlessductilethanS-81.6,doesnothsrdenfurtherduringcydi~j its
stress-rupturelifedropscontinuallyduringcycltig(abruptlyatfirst,
thenmoregradudl.y,andthenabruptlyagain.attheend),anditsduc-
tilityremainsthessme.

Sever&ifactorsmightbe importantin consideringtheonsetofthe..._
secondstageoffatigueandinaccountingfor.thedifferencesinthebe-
haviorofS-816andInconel550. Oneisthatthesecondstagebegins
whentheductilityofthematerialistoolowto absorbthecyclicstrains
withoutcracking.S-816reachesthisstageonlyafterextensivestrain-
and/orprecipitation-hardeninginthefirsts.$age,whileInconel550,
whichisfullyhardenedby thepriorheattreatmentandismuchlessduc-
tilethanS-816,seemstobe inthesecondstageoffatiguefromthestart.
Thisreasoningisinagreementwiththehardnessbehaviorduringcycling
andwiththevariationinthesubsequentstress-rupturebehaviorof the
twoalloys.Ontheotherhand,Inconel550isa ductilealloy,undergoing
a reductionof areaofabout7+percentin thestress-rupturetest>and

S-816stillhasconsiderableductility(reductioninareaofmorethan
30percent)evenwhenthenumberof cyclesis closetothatrequiredfor
failureby thermalfatiguealone.Thesevalues would seemto ensuresuf-
ficientductilityforthealloysto absorbthecyclicstrainswithout
cracking.However,thereductionin areaisa grossmeasurementthatdoes
notindicatetheactualductilityinthoselocalizedre@onswhereplastfc
deformationduringreversedstressingis concentrated.Ilxperimentslev-
idenceoftheconcentrationofplasticdeformationduringthermalcycling
of S-816andInconel550isdiscussedinreference1. It appearsvery
likelythat,becauseofthisnonuniformityinstraining,certainareas
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becomeembrittledandareunableto absorbfurthercyclicstrainingwith-
outcracking;hencecrackscanformduringthermalcyclingeventhough
themajorportionofthematerislis stillquiteductile.

Anotherfactorthatmightinfluencetheonsetofthesecondstageis
themodeof deformationofthematerial.Inconel550showsa tendencyto
deforminthermslfatigueby twinning,in contrastto simpleslipin
S-816. Twinningis consideredbysometobe relatedto cleavageand
brittlefracture(seeappendix).Thustheearlyincidenceofmicro-
crackinginInconel550,asevidencedby themicrostructursLbehaviorand
reflectedinthedropin stress-rupturelife,mightbe dueto itspar-
ticularmodeof defamationundercyclicstrains.

A thirdfactortobe consideredistheeffectoftheparticlesof
precipitatein thealloys(or,moreexactly,theeffectof thecoherency
stressessurroundingtheparticles).Thesignificantpointshereare
thattheprecipitatescanactasbsrrierstothemovementof dislocations

3
andcanserveasthesitesatwhichvacanciesclustertogethertoform
voids. Inthisaction,theprecipitateswouldpromotecracking.However,c. iftheprecipitatesoverageaudsoften,crackingmightbe slletiated.The
tendenciesof differentmaterialstooveragedependsuponthestability
oftheprecipitates;however,aafigure4 indicates,neitherS-816nor
Inconel550overagesor anneslsduringcycl~ to a timwn temperature
of1350°F.

Iftheseparationofthefatigueprocessintothetwostagesde-
scribedis accepted,thebehaviorof specimensthatwerefirstrunin
stress-ruptureat1350°F forvaryingtimesshortof fractureandthen
fsiledinthermalfatiguebetween1350°and200°F canbe interpretedas
follows. A specimenof S-816removedfromstress-ruptureconditionsat
1350°F hasusedup anappreciableamountof itsductilityin creep,and
theremainingductilityislessasthetimein stressincreases.When
thespecimenisthencycledinthermslfatigue,thefirststageis
shorted,andthesecondstagebeginsin fewercyclesasthepriortimein
stressincreases,thatis,astheremainingductilityforabsorbingthe
cyclicstrainsisdecreased.Inaddition,thespecimencanbe struc-
turallydsm.agedifthetimein stressis sufficientlylongforit tobegin
third-stagecreep.As a result,thenwiberof cyclestofailureinther-
malfatigueshouldfalloffasthepriortimein stressismadelonger,
andthisistheeffectthatwasfound.N&bethatthiseffectforS-816
isexactlyoppositetothatforthereverseorderoftesting,whereprior
thermslfatigueincreasedthesubsequentstress-rupturelife.

—

In contrasttoS-816,Inconel550creepsverylittleina 100-hour
stress-rupturetestat1350°Fj hence,itsavailableductilityforsub-

. sequentthermalfatigueisnotmarkedlydiminished.Moreov=,thebe-
haviorofInconel550hasbeeninterpretedto showtheabsenceof a
significantfirststageof thermalfatigue.Therefore,thenumberof
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cyclestofailureinthermslfatigueshouldnotfslloffmarkedlyasthe
priortimein stress-mptureincreases,solongas structuraldamagedur- .
ingthird-stagecreepisabsent.In accordancewiththisinterpretation,
thethermel-fatiguelifeofInconel550does..notdecreasejinfact)there __ ._
appearstobe a slightincrease,perhapsdueto secondaryeffects.Again,
theeffectisoppositetothatforthereverseorderof testing.

Thenextstepinunderstandingthermslfatigueis to considerhow
thebehaviorunderfixedconditionsismodifiedbychangingthetestcon-
ditions.Thetwotestvariablesthatwerestudiedinthisinvestigation
weremaximumcycletemperatureTmu (1250°to 1550°F) andtimeat Tm= 5
(15and60 see).

TheeffectofraisingTma onthesubsequentstress-ruptuelife
afteraboutone-halfofthenumberof cyclesthatwouldcausefailure
by thermalfatigueclone(fig.3.3.)isinterpretedasfollows.S-816 —
beingcycledbetween1350°.and200°F apparentlydoesnotenterthesec-
ondstageoffatigueuntilveryneartheendof thethermal-fatiguepro-
cess.Sincesubsequentlossof stress-rupturelifedependsuponentering
thesecondstageof fatigue,thereshouldbe nodirectlossifthecycling
isstoppedduringthefirststage.Thus,if cyclingbetween1350°and
200°F is stoppedwhen N= 1/2Nf,fatigueofS-816is stillfarfrom
thesecondstage.Usingthisconservativefractionof Nf,onemightex-
pectthatifa numberof specimensofS-816arecycledbetweenmaximum
temperaturesthatarenotexcessivelyhighand200°F andif cyclingis
stoppedwhen N = 1/2Nf,fatiguewillnothavereachedthesecondstage.
As showninfiguren(a), thestren@hentngactionof strain-end/or
precipitation-hardeningwaspreservedup to a Tma of1550°F,which
wasthehighestTM= studied.

Inconel550,in contrasttoS-816,entersthesecondstageoffatigue
veryearlyintheprocess.Thehigherstrains,aswellastheincreased
rateofvacancydiffusion~d theoccurrenceofrecrystallizationwhich
accompanyanincreasein ~a, shouldaggravatethecracking.As a re-
sult,thestress-rupturelifeafterone-halfthenumberof cyclesto
failureshouldfalloffwith Tmuj andthispehavioriS showninfi~e
n(b). Notethatthiseffectof ~ wasverypronounced;when Tmu
equaled1550°F, thestress-rupturelifewas_.onlyabout2 percentofthat
ofthevirginmateriel.

—

Furtherinformationontheeffectof ‘I’MmiSg~nedfromconsider-
ingtheeffectoftimeat ~ Onthesubsequentstress-rupturelife.
Thiseffectcanvarywithtemperature;itwasstudiedhereonlyfora
~ of1350°F anda ~ of 200°F. ForS-816,increasingthetime _
of exposureatthisvalueof ~ from15to 60secondshadlittle “

.
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effecton Nf (fig.17(b),ref.1). Comparisonoffigures2(a)and9(a}k showsthatthisincreaseintimeat Tmu didnoteffectthegenersl
trendinthevariationof thestress-rupturelifewiththenumberof
cycles.Forbothtimesof ~sure, therewasaninitislincrease,and
theincreaseappearedgreaterforthelongercycle.Thislastobserva-
tionmightindicatethatan appreciablepartof thestrengtheningwasdue
toprecipitation-hsrdeningaswellas strain-hsrdening,withtheamount
ofprecipitation-hardeningincreasingwiththetimeof exposure,aswas
actusllyobservedinthemicrostructureofS-816.

ForInconel550,theincreaseinthetimeof exposureata Tmu of
1350°F reducedNf from10,500to 7,400cycles(fig.17(a),ref.1).
Apparently,thedamagingeffectsdependontimeandhavemoretimeto
operateanddecreaseIifonthelongercycle.Thetimedependencyof
thisdamagingeffectis alsoclearlyshownin stress-rupturetestson

: specimensremovedbeforefailure.Therewasa greaterreductioninthe
stress-rupturelifefora givennumberof cycleswhenthetimeat ~

s
ml wasincreased(comparefigs.2(c)and9(b)).Thiseffectmightmeanthat
~ thevacanciescreatedby plasticdeformationareallowedmoretimetoa diffusetogetherto formcracks.

CONCLUSIONS

Thefollowingresultsandconclusionshavebeenobtainedfroma
studyoftheeffectofexposuretothermsl-fatigueconditionson theme-
chaicslpropertiesof ductileslloys:

1.Exposuretotherm.sl-fatigueconditionsstrengthenedonealloyin
stress-rupture(S-816)andweakenedtheother(Inconel550). Underthe
mostdamagingconditionsstudied,Inconel550lost98percentof its
orig@sJstress-rupturelifeasa resultofpriorthermalfatigue,even
thoughthenuniberof cycleswasonlyone-halfofthatrequiredforfail-
ureby thermalfatiguealone.Underthesameconditions,thestress-
rupturelifeofS-816wasincreasedabout50percent.

2.Whenspecimenswerefirstexposedto stress-ruptureconditions
andthenruntofailmeinthermalfatigue,thethermsl-fatiguelifeof
S-816wassharplyreduced,whereasthatofInconel550showeda slight
increase.

3.Theaboveresultscanbeinterpretedby extendingexisting
theoriesofmechanicalfatigueandcreep-ruptureto thermalfatigue.In
thisextensionthethermal-fatigueprocessis dltidedintotwostages:
first,a stageof str@n-and/orprecipitation-hsrdening,diningwhich
theductilityisreducedandthestrengthisincreased,sndsecond,a

.
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stageof destructionof cohesivebondsanddevelopmentandpropagation
of cracks.StructursJ.changesareanimportantpartof therma3-fatigue
behavior.

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,July11,1958

—
.
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APPEmIx- ~ REVIEWONMECHANISMOFFKlZUR13

Resultsof thermal-fatiguestudiesemphasizethecomplexityof the
thermal-fatigueprocess.Manyof itsfeaturesareclifficultto incor-
~rate intoa workingtheory,and,infact,no completelysatisfactory
theoryof thermalfatiguehasyetbeendeveloped.

Thisrevfewoftheliteratureisintendedto considerthosefactors
inthedeformationofmetslsthatmaybe importantinthebehaviorof
materielsduringreverseddeformationundercyclictemperatures.The
reviewstartswiththeoriesof low-temperaturedeformation,andincludes
briefdiscussionsoftheBauschingereffect,high-temperaturecreep,end
bothmechanicalendthermalfatigue.

TheoryofDeformation

In ductilemateriels,fractureisprecededby plasticdeformation,
andthisdeformationis generallyacceptedto occurby themovementof
dislocations.ThedeformationisnotMformj certaincrystslsand
planesthatarefavorablyorientedundergomoreplasticflowthando
othercrystalsorplanes.Additionaldislocationsareproducedduring
deformation.Thedislocationsthatmovethroughthesecrystslsunder
stresspileup atgrainboundaries=d otherbarriers,wheretheyexert
a backwsrdstress.A complexnetwork(“forest”)of dislocationsresults,
whichopposesthefurthermovementof dislocations,endthematerisl
strain-hsrdens.Itsductility,or abilityto absorbfurtherdeformation
withoutfracture,isreduced.

Besidesdeformingby slipalongglideplanes,somemetalsandslloys
deformbytwinning.Nickelalloys,in comonwitha nuniberof other
alloysandmetsls,sreparticularlyproneto twinformation.Reference2
proposesthatmechanicaltwinningin alpha-ironisrelatedtotheinci-
denceof cleavagefractureandthattwinningmayon occasionbedirectly
responsiblefortheonsetof cleavage.Theresremazyyotherswhoconsider
mechanicaltwinningasmerelyincidentaltobrittlefracture.Reference
2 givesphotomicrographsofrecrystallizedgrainsappearingattwin
boundariesas evidenceofthestrainedregionsaboutthetwins,andpos-
tulatesthatcleavagefractureisinitiatedwhena propagatingtwinmeets
aneffectivebarrieranditsenergyisdivertedintoproducingslip.

BauschingerEffect

TheBauschingereffectis animportsntphenomenoninreversedstress-
ing. It is comnonlyinterpretedasfollows:Thestrainin.amaterisl
thatis stressedbeyonditselasticlimitisnotuniform,sndcertain
crystslsandplanesdeformmorethanothers.Thissetsup residual

—
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strainswhentheloadisreleased.
somecrystalsand/orplanesbecome
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If theoriginalstresswastensile,
loadedin compressionwhentheten-

.

.

sileloadisreleased.If thematerislisthen~oadedin compression,
theresidualcompressivestressesaddtotheexternalload,andplastic
flowbeginsata lowerstressthanifthematerialwerereloadedin
tension.

Zener(ref.3) suggeststhattheBauschingereffectis duetomicro-
scopicresidualstressesassociatedwiththeindividualslipbandsinthe
crystals,whileothers(refs.4 and5) attributeittoresidualatomic g
forcesaroundflawsanddisorderedregions.Heatingatrelativelylow 4P
temperaturescanprovideenoughenergyforthedislocationsorvacancies
to diffuseoutofthesehighlystr~nedregionsandeliminatethe
Bauschingereffect.

Theoriesof Creep

Thedislocationmodelofplasticdeformationhasbeenappliedto
creepatelevatedtemperaturesby assumingthattherate-controlling *
processforcreepconsistsofthethermalactivationof dislocationsover
barriers.Whilethemaindrivingforceisduetothermslmovement,a
preferentialdirectionisgivenby theinfluenceoftheappliedstress.
Theseideashavebeenformalizedmathematicellybyseveralinvestigators

.

(ref.6 andrefs.citedtherein).

Morerecently,attentionhasbeendirecte-dtotheroleofvacancies
in deformation,particularlyin creepathightemperatures.Over-all
activationenergiesforruptureofpuremetalsthathavebeencomputed
(ref.7)arenearlythesameastheactivationenergiesforself-diffusion,
endvacanciesarewidelyacceptedasplayinga dominantroleindiffusion.
At anygiventemperature,thereisan equilibriumnumberof vacanciesthat
existswithina crystallattice.Vacantlatticesitesin excessofthe
equilibriumnumber(endpossiblyinterstitialatoms)aregeneratedby
plasticdefomnation(ref.8).

—

Theexcessofvacancieswouldtendtorevertto theequilibrium
amount. At verylowstrainrates,theconcentrationsofvacancieswnuld
remainsubstantiallyattheirequilibriumvalue, whereasatmuchhigher
strain rates,largerdegreesof supersaturationcouldbemaintained.
Theseideasaresupportedbytheresultsofreference9 ontheself-
diffusionofalpha-ironat890°C (1634°F),assumingthatdiffusion
occursby a vacancymechanism.Thediffusioncoefficientincreased
(linearly)withthestrainrate,whichwasinterpretedtomeanthatthe
numberof vacancieselsoincreasedwithstrainrate,aspostulatedby
Seitz(ref.8). As a mea&reof themagnitudesinvolved,therateof
diffusionat890°C (1634F)wasincreasedby a factorof10fora strain .
rateof 0.18in./(in.)(br),whichcorrespmdedto a stressofonly1300
psi. .
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Onemethodforremovingexcessvacanciesandmaintainingtheequi-
libriumconcentrationina crystsllatticeis combiningthevacsncies,
eitherwithinthelatticeor atthegrainboundaries,toformvoids.
Thereareseveralschoolsofthoughtastothemechanismof voidforma-
tion(refs.IOto17),butthatwhichappearsmostacceptableisnuclea-
tionbypreexistantnuclei.Reference15 suggeststhatthepreexistant
nucleimaybe identifiedas submicroscopicvoidsor cracksproduceddur-
ingsolidificationorworking,“supercritical’~sizedparticlescontaining
cracks,or gaspockets.Fissuresstartingfromlocalregionsofhigh
stressconcentrationssrealsothoughtto influencevoidformation
(refs.14,16,and17).

Numerousinvestigatorshavedrawnattentiontotheminutec~vaties
orporesformedinmetalsundergoingcreepat elevatedtemperatures
(refs.18 to 22). Reference18 refersto theformationof “distortion
cavities’tinthegrainsandgrainboundariesof a copper-nickel-silicon
slloyasa resultof excessivelocslldistortionat discontinuitiessuch
asinclusionsandparticlesof a brittleconstituent.Reference21re-
portsa verythoroughstudyof intergranularcavitationin copper,alpha-
brass,andmagnesiumovera rangeof strainratesandtemperatures.
Undertheconditionsusedthedisorderedlatticeattheboundaryacted
asa trapinwhichholesreadilyformed.Thecrystallatticewasa con-
tinuoussourceof vacancies,generatedby dislocationmotion,andthe
grain-boundarycatitieswerecontinuoussinks.

Cavitationappearedmorereadilyunderconditionsthatcauseda
chs.ngein emphasisfromdeformationbyslipto deformationby grain
translation(i.e.,lowerstrainratesandhighertemperatures),though
thismighthavebeena causeratherthananeffect.Thus,a sliding
movementatthegrainboundarieswouldprobablycauselocalizeddistor-
tionof thelatticethatwouldtidcatitiesinforming,whereas,on the
otherhand,thenucleationoflsrgenwibersof cavitieswotidweskenthe
boundariesandthereforedd movementinthoseregions.As deformation
proceeded,morevacancieswouldbe absorbedby theexistingcavities,and
thesewouldgrowin size.Thecavitieswouldalsobe spreadbytensile
stressconcentrations.Theirgrowth,coupledwiththeappliedstress,
wouldultimatelycausethecavitiesina boundarytolinktogether.The
grainswouldthenpsrtandanintercrystsllinecrackwouldbe formed.

MechanicalFatigue

Inmanyrespectsthermslfatigueissimilartomechanicalfatigue,
sndonecanreasonablye~ect thatthemechanismforhigh-temperatureme-
chanicalfatiguewfl, withsomemodification,applyslsoto thermal
fatigue.

A numberoftheorieshaveappearedthroughtheyearsto explainthe
failureofmetalsby fatigue(refs.23to 27). Wldlemostof themhave

—
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longbeendiscarded,theyallsgreethatthefatigueofmetslsisasso-
ciatedwitha slipprocesssimilartothatinvolvedinunidirectional
extension.This,references26and27reportthatthessmeslippl=es
andslipdirectionsoperatedforbothrepeatedcyclicstressingandmono-
tonicloading,andthatfatiguewasinvariablyaccompaniedby evidence
of strain-hardening.Slipbandsdevelopedearlyundercyclicstressing
andwereaccompaniedby strain-hsxdening,buttheydidnotcausecracks
to formsolongasthestresseswerebelowtheendurancelimit.At
stressesabovetheendurancelimitcracksformedintheregionsof slip,
andadditionalslipbandscontinuedtoformandbroadenevenafter
fatiguecrackshadappeared.Singlecrystalsandpolycrystallinespec-
imensbothappearedtobehavefnthessmemanner,althoughtherewere
differencesin degreewhichwereassociatedwithgrainboundariesthat
actedto inhibitslipsndinfluencedtherateofpropagationoffatigue
cracks.

Thereversedstraininginthermalfatiguehasbeenpicturedasdue
to themovementof dislocationsbackandforthfromonebarrierto an-
otherwitheachstressreverssl(ref.28). A certainsmountof energyis
requiredto generate thedislocationsandtomovethembackandforth
f?ombarriertobarrier;thisenergyis continuouslydissipatedintothe
latticeasthermalvibrationandisresponsibleforthehysteresisloop
foundundercyclicstressing.Certainfactorscausethisprocesstobe
irreversibleandcauseittomovetoneighboringplsaessothatthere-
gionofdislocationreversalgrows.

Thequantitativetheoryoffatiguepresentedin1939by Orowan(ref.
29)considerslocalplasticslipandsubsequentstrain-hardeningasthe
principalcauseoffatigueandassumesthata fatiguefailureoccurswhen
the“totslplasticstrain”(i.e.,thesumoftheabsolutevaluesof sll
positiveandnegativestrains)reachesa characteristicfinitevalue.
Theargumentproceedsasfollows:

(1)Stressdistributionismoreorlessinhomogeneousin sllmate-
rialsbecauseof theunavoidablepresenceof smallcracksandstructural
inhomogeqeities(e.g.,grainboundariesandinclusions)aswellas in-
homogeneitiescreatedbyplasticflow.

(2)If the
thepointwhere
strengthofthe

(3)If the

materialisbrittle,fractureoccurswhenthestressat
thestressconcentrationishighestreachesthetrue
material.

materialisplastic,itwillyieldatthestresspeaks

.

—

.-—

8.
i=

—

(i.e.,atthepointswherelocslmaximaof stressoccur)beforethetrue
strengthisreached.Furtherincreaseof loadcausesmoreplasticstrain
atthesepoints,butthestressdoesnotincreaseappreciablybeyondthe
yieldpoint.Thesurplusstressistakenoverby the(moreorlesselas- “
tic)surroundingsofthestresspeak,snd,inthisway,thestressdis-
tributionis smoothedout. “
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(4)If theloadisalternating,thelocslplasticyieldingwillnot
cometo an endbutwillalternate,andthiswillproducea progressive
strain-hardeningatthestresspeaks.Consequently,thestressatwhich
plasticyieldingbeginsincreasesinthecourseoftheloadfluctuations,
thesmoothingoutofthestressdistributionbecomeslesseffective,and
themaximumstressatthestresspeaksrisesuntilfinallya crackis
formedwhenthestressreachesthestren@hof thematerials.

(5)Forplasticmaterisls,theconditionoffracturecanbe reg~ded
astheattainmentof eithera criticalstress(thestrength)or a critical
strtin.In alternatingdeformation,thetotalstrain(i.e.,thesumof
theabsolutevaluesof all~sitiveandnegativestrainssufferedinthe
courseofthestresscycles)hasa characteristicvalueatfracture,pro-
videdthatthereisno considerablestrain-hsrdeningrecovery.

(6)Theplasticstrainamplitudesof consecutivecyclesdecreaseap-
y proximatelyasthetermsof a geometricseries; thus,thetotalstrain
$ producedby an infinitenwiberof cyclesisshaysfinitewithoutrespect

towhetherthestrengthisfiniteornot. If thislimitingvalue of the
L totsl.plasticstrainis smallerthanthecriticslstrain,failurewill

notoccur.

Aftersufficientcycling,a fatiguecrackisproducedina regionof
intenseslip.Themechsnismforthecrackformationisnotclear,butit
mustultimatelydependupontheconcentrationofthereverseddislocation
motionon certainplanes.Reference28suggeststhatit is dueto a run-
ningtogetherof dislocationsastheyarehaltedatthebarriers.Ref-
erence30 suggeststhatitis dueto a clusteringtogetherof thelattice
vacsnciesgeneratedby thedislocationmotion.

Reference29emphasizesthatthetreatmentthereindealswiththe
formationofthefatiguecrack,notwithitspropagationto complete.
fractureofthespecimen.Thepropagationof a’crackis assumedtotake
placeby plasticdefom.ationandprogressivefractureatthegowtngtip.
Therefore,whethera fatiguecrackformsesrlyorlatein thefatigue
life,theeaseordifficultyof dislocationmovementislikelyto exert
a controllinginfluence(ref.31).

Oneshouldalsonotethattheplasticdistortioncausedbycyclic
stressingisnotnecessarilydamaging,asevidencedby thephenomenonof
‘%nderstressing)”whichincreasesthefatiguestrengthat subsequent
higherstresscycles.Moreover,theprogressof thedistortion,asob-
servedby microscopicsliplinesorby X-raydiffractionstudies,isnot
necessarilya measureof crackformation>particularlyintheearlystages
offatigue,butmaybe duetomerecold-working(strain-hardening)ofthe
material..

—
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Observationsinreference32 onthefatiguebehaviorofhigh-
strer@haluminumalloyssuggestthatprecipitation-herdeningalloysare
unstableundercyclicstresses,whichcauseprecipitationoroveraglngin
thelocalizedregionsofintensedeformation.Althoughthestatic
strengthasa tiolemaynotbe impaired,thelocalizedbardsofprecipi-
tationproducedby cyclicstressingareregionsoflowstrengthinwhich
fatiguecracksform.Thus,theemountofprecipitation-herdeningandthe
relativestabilityoftheprecipitatesexeimportantfactorstobe
considered.

Reference33 contendsthatfatigueisnotinseparablyassociated
withplasticslip,butthattherealfatigueeffectisa large-scaleex-
pressionoftheprogressivedestructionof cohesivebondsinthematerial.
Plasticdefomnationandstrain-hardeningareassumedtobe essentialfea-
turesonlyinsofarastheymodifyboththeintensityandrateofbond
destmction.Accordingto reference33,thedestructionof thecohesive
bondscannotbe satisfactorilydetectedinwhatappearstobe undamaged
materialby a metsllographicexaminationofs_liplines,by hardness,or
by X-raydiffractionstudiesof submicroscopiclatticebreakdown.bng
beforeanysubmicroscopiccrackcanbeobserved,fatiguehasalready
beeninitiatedby theseveranceof a numberof cohesivebonds.Theas-
sumptionsthatthe“separationstrengths”ofthecohesivebondshavea
statisticaldistributionsmdthatthestresscausedby anappliedload
variesinhomogeneouslywithinthematerialsrethebasisforthestatis-
ticaltreatmentofreference33.

.

—
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—
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(a)S-816fractureda~ter77.4hoursat40,CO0Psi.Electro-
lyticallyetchedingolut~onoraquaregiaandglyoerol.

Ftgure1.-Microstructureofheat-treatedspecimensfracturedin
strews-ruptureat1350°F. X250.
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(b)Inconel550fracturedafter213.9hoursat56,500psi.Electro-
lyticallyetchedindilutesolutionofhydrofluorlcactdand
glycerolinwatex.

Figure1.- Concluded.IHcrostructuresofheat-treatedspecimens
fracturedk stress-ruptweat1350°F. X250.
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Figure7.-MicrostructureofS-81Sspectienthathadbeencycled
1175timesInthermalf’atiguebetween13~”endXIO”Fandthen
fracturedW stress-ruptureafter115.3hoursat40,~psiand
13S0F. Electro~tcallyetchedinsolutkm of aquaregia and
glyoerol . XZ50.
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(a) Fractureafter lly.z hours.

(b)No constraintduringthermalcycling;fracture
after95.4hours.

Figure1.3. - MicrostructureofS-816 specimen
thathadbeencycled305timesbetweenl~”
andZOOOF andthenfracturedinstress-rup-
tureat40,000psiand1350°F. Electro-
lyticallyetchedinsolutioRofaquareglaand
glycerol. ==0. (Picturesreduced74percent
h reduction.)
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